A recent study found association of one microsatellite and five single nucleotide polymorphisms (SNPs) in intron 3 of the TCF7L2 gene with type 2 diabetes (T2D) in the Icelandic, Danish and American populations. The aim of the present study was to investigate if those SNPs were associated to T2D in two (familyand population-based) cohorts from northern Sweden. We genotyped four of the associated SNPs in a case-control cohort consisting of 872 T2D cases and 857 controls matched with respect to age, sex and geographical origin and in a sample of 59 extended families (148 affected and 83 unaffected individuals). Here, we report replication of association between T2D and three SNPs in the case-control (rs7901695, P ¼ 0.003; rs7901346, P ¼ 0.00002; and rs12255372, P ¼ 0.000004) and two SNPs in the family-based (rs7901695, P ¼ 0.01 and rs7901346, P ¼ 0.04) samples from northern Sweden. This replication strengthens the evidence for involvement of TCF7L2 in T2D.
Introduction
Type 2 diabetes (T2D) is a multifactorial disorder characterized by chronic hyperglycaemia resulting from pancreatic dysfunction and insulin resistance. It is a common disease with a complex pattern of inheritance, which most likely reflects the influence of multiple genetic and environmental factors.
1,2 Publication of several genomewide scans has linked many loci to the development of T2D in different populations. 3 -5 Genes implicated in T2D have conferred modest risk 6 -9 and replication efforts have sometimes been successful; 10, 11 however, in many cases they have yielded inconsistent results. 8, 12 We have previously reported linkage of T2D to chromosome 2 in families from northern Sweden 12 and in the same study found weak linkage to 10q. A recent publication found association of one microsatellite and five single nucleotide polymorphisms (SNPs) in intron 3 of the transcription factor 7-like two gene (TCF7L2), localized to chromosome 10q, with T2D in the Icelandic, Danish and American populations. 7 Moreover, recent functional data linked alleles in some of those SNPs to progression from a state of impaired glucose tolerance (IGT) to T2D. 13 Based on this background, we set out to investigate if four SNPs in TCF7L2, which had been previously associated to T2D, 7 were associated to T2D in both case -control and family-based samples from northern Sweden.
Materials and methods

Subjects
Both the family-based and the matched case -control samples were as described previously. 12 Briefly, the familybased material consisted of 231 samples from 59 extended families (148 affected and 83 unaffected individuals), and the case -control material comprised 872 T2D cases and 857 controls matched with respect to age, sex and geographical origin. Diabetes diagnoses were confirmed by scrutinizing medical records regarding symptoms and blood glucose measurements, following 1999 World Health Organisation criteria. 14 Individuals with fasting plasma glucose 47.0 mmol/l and 2-h oral glucose tolerance test (OGTT) plasma glucose 47.8 mmol/l but o10 mmol/l were considered as having IGT and they were classified as affected. The average BMI was 30.2 for both familial and case -control cases, 26.9 for unaffected familial members, and 25.7 for controls in the case -control cohort. Average age at diagnosis for the cases in the family study was 50 years and average C-peptide was 1520 pmol/l. Average C-peptide for the controls in the family study was 770 pmol/l. Informed consent was obtained from all participants, and the study was carried out with the approval of the regional ethical review board. Genomic DNA was prepared as described previously.
12
Genotyping of polymorphisms in TCF7L2 Four SNPs in intron 3 of the TCF7L2 gene, rs7901695, rs7903146, rs11196205 and rs12255372 were genotyped using TaqMan Assay-on-Demand (Applied Biosystems, Foster City, CA, USA). The position of each SNP on chromosome 10 is given in 
Blood glucose measurements
After fasting for a minimum of 12 h, blood glucose levels were determined for all healthy individuals in the family and the case -control cohorts using standard laboratory procedures. Next, 75 g of glucose was given orally and blood glucose measurements were determined 120 min later.
Statistical analysis
For testing association in the family-based material, we used a generalized transmission/disequilibrium test (TDT) within the program Transmit, 16 which allows for missing parental genotypes and multiple affected family members.
To compensate for the bias introduced by the fact that the variance may be incorrectly estimated in the presence of linkage, the robust variance estimator was used. 16, 17 In the case -control material, association analysis was performed by means of univariate logistic regression in the software package SPSS 14.0 (SPSS, Chicago, IL, USA). Genotypebased odds ratios (ORs) were calculated using individuals homozygous for the most common allele as the reference. Allele-specific ORs were calculated under the assumption of a multiplicative risk model by assigning 0 -2 (depending on each individual's number of at-risk alleles) to a trend variable. To adjust for possible confounders, a fixed effect stratification variable based on geographical area, age and sex was included in the regression model. Three area and three age categories were used for the stratification. A total of 27 strata were used and the effect of the stratification variables was not significant. Haplotype association analysis and estimation of linkage disequilibrium (LD) measurements based on the EM-algorithm were performed in Haploview. 15 Differences in blood glucose between the genotypes were examined in SPSS 14.0 (SPSS, Chicago, IL, USA) by Kruskal -Wallis test. All statistical tests performed were two-tailed.
Results
We genotyped four of the associated SNPs, as according to the HapMap, 18 the fifth SNP (rs7895340) was tagged by one of the other four SNPs (rs11196205), in intron 3 of the TCF7L2 gene, in a case -control material consisting of 872 cases and 857 controls matched for age, sex and geographical origin. Significant association was seen for Table 2 ), enabling rejection of a recessive mode of inheritance. However, homozygous individuals did not confer significantly increased risk compared to heterozygous carriers (P40.05 for each SNP, data not shown), allowing for both dominant and multiplicative modes of inheritance in our case -control material.
Blood glucose measurements were performed for all healthy individuals from both the multiplex families and the case -control cohort. The healthy individuals from the families were analysed based on their rs7903146 and rs7901695 genotypes, since these were the SNPs that were associated in the family material. A tendency towards higher blood glucose levels, both fasting and 120 min after challenge with 75 g of glucose, was observed in individuals homozygous for the susceptible allele (fasting 5.4 mmol/l, glucose challenge 6.3 mmol/l) compared to individuals homozygous for the protective allele (fasting 5.0 mmol/l, glucose challenge 5.2 mmol/l) ( Table 4) . In both cases, for both SNPs, heterozygous individuals (fasting 4.7 mmol/l, glucose challenge 5.2 mmol/l) behaved more like the individuals homozygous for the protective allele. The healthy individuals from the case -control cohort were analysed based on their rs7903146, rs7901695 and rs12255372 genotypes. No difference in either fasting blood glucose levels or levels after glucose challenge could be found based on any of the genotypes (Table 4) .
Discussion
We have successfully replicated the previously found association 7, 13 between SNPs in TCF7L2 and T2D. Three of the SNPs were associated to disease in a case -control material and two of these SNPs were associated to T2D in a family-based material. Individuals in both materials originate from northern Sweden. In contrast to Grant et al. TCF7L2 SNPs associated to T2D in Sweden S Mayans et al we could not find association of SNP rs11196205 in either our case -control or family-based material, possibly due to lower power in our smaller sample size and/or founder effects resulting in reduced genetic diversity in northern Sweden, compared to Iceland, Denmark and America. Founder effects would suggest that the non-associated polymorphism arose after the disease causing mutation. Furthermore, the fact that three SNPs were associated in the case -control material, but only two of those SNPs were associated in the family-based material, might be due to the fact that the family-based material has a lower power of detecting association than the case -control material. Another possibility is reduced genetic diversity within the families under investigation, even though both the case -control and family-based materials are derived from the northern Swedish population. Our ORs for rs7901695, rs7903146 and rs12255372 (1.28, 1.42 and 1.47, respectively) are similar to the relative risks (RRs) determined by combining data from the Icelandic, Danish and American populations for the same three SNPs (1.49, 1.54 and 1.52, respectively). 7 Analysis of inheritance models of the SNPs investigated revealed the possibility for both dominant and multiplicative modes of inheritance in our case -control material. The possibility of dominant inheritance could be rejected by Grant et al. 7 who analysed a microsatellite (DG10S478) in intron 3 of TCF7L2 using a larger casecontrol material. Blood glucose measurements from healthy family members indicate that variation in TCF7L2 affects the individual's capacity to tolerate glucose. However, as only three individuals with the disease susceptible allele in rs7903146 or rs7901695 were healthy, it is difficult to obtain statistical significance between the genotype groups. Analysis of the controls in the case -control cohort resulted in no difference in the capacity to tolerate glucose in any of the SNPs analysed. Measurements of BMI, blood pressure, triglycerides and cholesterol did not show any difference between the SNP genotypes of interest. Further studies are necessary in order to identify more healthy individuals with the disease susceptible genotypes, and to test other parameters such as insulin secretion, in order to elucidate how variations in TCF7L2 influence the pathogenesis of T2D. Several recent studies have investigated the effect of SNPs in TCF7L2 on T2D development. Florez et al. 13 investigated the role of rs12255372 and rs7903146 on the transition from IGT to T2D. They found that individuals homozygous for the T allele of rs7903146 were more likely to progress from a state of IGT to T2D than individuals homozygous for the C allele. Cauchi et al. 19 found that the T allele of rs7903146 predicts hyperglycaemia in a non-selected, prospectively followed, French population and they found association between rs7903146, rs12255372 and T2D in the French population. 20 Saxena et al. 21 found that individuals homozygous for the rs7903146 risk allele had a significant reduction in insulinogenic index and insulin disposition index (DI). Damcott et al. 22 found significant association with insulin sensitivity index, acute insulin response to glucose and DI in non-Amish Caucasian subjects. These results indicate a possible functional role for SNPs in TCF7L2 and suggest that TCF7L2 has a role in regulation of genes involved in insulin sensitivity and glucosestimulated insulin release. Expression of the proglucagon gene is transcriptionally regulated by the b-catenin/TCF protein complex in gut endocrine L cells, but not in pancreatic islet a cells. 23 Variants of TCF7L2 could therefore, alter levels of glucagon-like protein-1 (GLP-1), an insulinotropic hormone encoded by the proglucagon gene. As GLP-1 works in concert with insulin to help maintain blood glucose Data are means7SD. Blood glucose was measured at fasting and 2 h after an OGTT.
TCF7L2 SNPs associated to T2D in Sweden S Mayans et al homeostasis, 23 altered levels of GLP-1 could very well influence susceptibility to T2D. By testing glucose homeostasis in healthy individuals genotyped for the T2D-associated polymorphisms in TCF7L2, a greater understanding of such an influence could be obtained. Further studies are necessary in order to identify more unaffected individuals with the disease susceptible genotypes, and to test other parameters such as insulin secretion, in order to elucidate how variations in TCF7L2 influence the pathogenesis of T2D.
